The synthesis of metal nanoparticles by ultrafast laser ablation of nanometers-thick metal films has been studied experimentally and computationally. Near-threshold backside laser ablation of 2-20 nm-thick Pt films deposited on fused silica substrates was found to produce nanoparticles with size distributions that were bimodal for the thicker films, but collapsed into a single mode distribution for the thinnest film. Time-resolved imaging of blackbody emission from the Pt nanoparticles was used to reveal the nanoparticle propagation dynamics and estimate their temperatures. The observed nanoparticle plume was compact and highly forward-directed with a well-defined collective velocity that permitted multiple rebounds with substrates to be revealed. Large-scale molecular dynamics simulations were used to understand the evolution of compressive and tensile stresses in the thicker melted liquid films that lead to their breakup and ejection of two groups of nanoparticles with different velocity and size distributions. Ultrafast laser irradiation of ultrathin (few nm) metal films avoids the splitting of the film and appears to be a method wellsuited to cleanly synthesize and deposit nanoparticles from semitransparent thin film targets in highly directed beams. Controlling the synthesis and processing of novel metal and alloy nanoparticles is crucial for the fields of nanoelectronics, sensing, catalysis, and medical therapies.
Controlling the synthesis and processing of novel metal and alloy nanoparticles is crucial for the fields of nanoelectronics, sensing, catalysis, and medical therapies.
1 When compared to chemical methods, laser ablation of solids offers a clean, surfactant-free, non-equilibrium processing approach to explore the synthesis of new nanoparticles with unique nanophases. 2, 3 Ultrafast laser sources appear particularly well-suited for this purpose since a large fraction of the material ejected during ablation of solids has been shown to be nanoparticles. [4] [5] [6] [7] [8] [9] In most cases, however, there still remains an ion plasma component 10 to the laser ablation plume that, through gas-phase or surface condensation, would also generate nanoparticles. Although the plasma component can be nearly eliminated by employing a laser fluence near threshold, there is unfortunately a commensurate and rapid reduction in the volume of material available for nanoparticle formation. 10 However, Murphy et al. 11 recently showed that a thin Ni film on a transparent substrate had a removal threshold nearly half that of bulk Ni, and this suggests that one can choose an ablation regime that eliminates the ion plasma component while still maintaining the ability to remove a significant amount of material for nanoparticle production.
We recently tested this using through thin film ablation (TTFA) 12 with a femtosecond laser source, and found that much like TTFA using a ns laser source, two populations of nanoparticles were produced in the deposit. 13 However, unlike ns-TTFA wherein elevated background gas pressures were observed to affect the nanoparticle populations by gasphase condensation of atomic and molecular species within the plume, it was found that employing the same pressures as those used in Ref. 12 had no effect on the populations produced by fs-TTFA.
To understand this discrepancy and the mechanism of fs-TTFA, here we explore nanoparticle formation, transport dynamics, and size distributions as a function of metal film thickness for a laser fluence near the threshold for film removal.
Single 800 nm, 40 fs pulses from a Coherent Legend HE laser were attenuated and used to illuminate a rectangular aperture that was imaged through a 1.5 mm thick window onto the interface between 1 mm thick fused silica substrates and e-beam deposited Pt films. The laser spot size and incident fluence at the interface were 20 lm Â 25 lm and 40-60 mJ/cm 2 , respectively (see Ref. 13 for additional details). Films less than 20 nm thick were chosen in accordance with the $13 nm optical penetration depth of Pt, to provide both complete and partial absorption conditions. A gated, intensified CCD (ICCD) camera was used to capture time-resolved, side-view images of the ejecta and its transport between source and receiving substrates. The entire processing chamber was mounted on an XYZ stage to provide a fresh Pt film region for every laser shot. Fig. 1(c) shows a typical sequence of ICCD images obtained during backside ablation of a 20 nm Pt film in vacuum. Most notable in the figure was the formation of an unusual and compact, highly forward-directed plume that, contrary to those observed from bulk targets, had a high minimum velocity ($100 m/s for the trailing edge). The elongation of the plume in the propagation direction is similar to that observed for heavy biomolecules in Matrix-Assisted Laser Desorption Ionization (MALDI), 14 indicating that the observed ejecta were likely nanoparticles. Measurement of the FWHM of an actual deposit showed an angular spread of 13 which is in good agreement with the value of the included angle defined by the bright waist of the plume in the figure. Spectrally resolved imaging of the plume through a series of 40 nm optical bandpass filters revealed blackbody-like spectra at time delays of 5 ls and 50 ls after ablation, which, after radiometric calibration, permitted temperature estimates of $1900 K and $1700 K, respectively, consistent with incandescent Pt nanoparticles that were nearly molten.
To gain insight into the composition of the plume, a lacey carbon TEM grid was placed on the receiving substrate located 5-10 mm from the source substrate, and the captured material was analyzed by TEM. As shown in Fig. 1(a) , the deposit was composed of large and small (see inset) spherical nanoparticles, and as shown in Fig. 1(b) , their size distribution was bimodal with one mode centered near 10 nm and the other near 200 nm. Separate experiments to slow the ejecta with high background gas pressures indicated that the small mode could be eliminated in the deposit, but without any noticeable change to ICCD images of the plume as in Fig. 1(c) , thereby indicating that the present images follow the propagation of the primarily larger 80-320 nm nanoparticles in the large mode. Detailed comparison of the size-dependent particle slowing will be the subject of a separate publication. 15 Thus, the physical origin and the time/place of the formation of the small nanoparticles are subject to interpretation. Three possible scenarios may be considered for the mechanisms of nanoparticles formation: (1) splashing or fragmentation of larger nanoparticles upon impact on the receiver, (2) condensation of ablated atomic species, or (3) generation at the early stage of the ablation of the film and simultaneous ejection with the large nanoparticles.
To evaluate the splashing contribution, the material transport from the source and its interaction with the receiver were analyzed by time-resolved imaging. The sequence of plume images in Fig. 1 (c) not only revealed rebounding of the plume from the surface of the receiver, but from the source as well. A total of 3 rebound events were observed as shown in the distance versus time plot of Fig. 1(d) . This points out that particle size distributions measured using witness plate techniques may be skewed with respect to the true distribution in the incoming plume. Note that while some of the nanoparticles rebounded from the receiving substrate (Figs. 1(c) and 1(d)) and others were collected and contributed to the large-size mode of the particle size distribution ( Fig. 1(b) ), it is reasonable to consider a question on whether fragmentation or splashing of the larger nanoparticles represent a possible alternative outcome of the nanoparticle interaction with the substrates.
An examination of the Reynolds, Weber, and Ohnesorge numbers for an impinging particle does provide some guidance as to whether fragmentation was likely. The Reynolds number, Re, for Pt particles with diameters <300 nm ( Fig. 1(b) ), mean velocity of 126 m/s (Fig. 1) , and dynamic viscosity and density (at 1600 K) of 9.5 mPa s and 20.6 g/cc, respectively, 16 would have been less than 95. Similarly, with the above parameters and the surface tension of Pt at 1600 K taken as 1.72 N/m, 16 the Weber number, We, would have been less than 75. Lastly, the Ohnesorge number, Oh¼We 1/2 /Re, that relates viscous forces to the inertia and surface tension of the particle, would therefore have been greater than 0.1 under the present conditions.
To determine if splashing was likely, one needs to estimate a critical Ohnesorge number, Oh cr . Using the formalism of Mundo et al., 17 and references therein, Oh cr can be shown to be not only a function of the contact angle of the particle at maximum spread, but the ratio of the maximum spread of the particle on impact to its original diameter. For high viscosity liquids, Re and We as above, and using the formalism by Mao et al., 18 it can be shown that the latter ratio is $2 for a wide range of contact angles. This leaves one to estimate a contact angle, and a reasonable assumption here is that it was greater than 90 , due to the relatively high viscosity of Pt particles under the present conditions. Consequently, Oh cr was always less than 0.1, and since it marks the boundary below which splashing is considered likely, it can be concluded that splashing-induced nanoparticle generation was not likely under the present conditions. Turning to gas-phase condensation as a possible source of the small mode in Fig. 1(b) , this scenario was tested recently by comparing the size distribution of particles collected in vacuum to that of particles collected in 1 Torr Ar gas. 13 The same 10 nm source film and 5 mm distance to the receiving substrate were used in both cases, and both distributions were found to be bimodal with one mode near 10 nm and the other near 120 nm. Most notable was that in contrast to ns-ablation of thin metal films, 12 no change in the magnitude of the smaller mode was observed upon performing the collection at 1 Torr. This observation is inconsistent with the hypothesis of condensation being the source of the small nanoparticles in the small mode.
We are left with the last possible interpretation that the small nanoparticles directly form in the film ablation process. To understand the highly nonequilibrium process the initial stage of fs laser ablation of a 20 nm Pt film is investigated here using an atomistic simulation performed with a hybrid TTM-MD model [19] [20] [21] that combines a classical molecular dynamics (MD) method with a continuum description of the laser excitation of conduction band electrons, electron-phonon coupling, and electron heat conduction based on a two-temperature model (TTM). 22 The dimensions of the computational system in the lateral (parallel to the surface of the film) directions were 100 nm Â 100 nm and the total number of atoms in the system was 13.3 Â 10 6 . The interatomic interactions in the Pt film were described by the embedded atom method potential 23 and the parameters of the TTM equation for the electron temperature are from Ref. 24 . The transparent silica substrate was represented by a dynamic acoustic impedance matching boundary condition that accounted for the elastic response of the substrate and reproduced the work of adhesion between Pt and fused silica. 25 A detailed description of the model used in the simulations of thin film ablation will be provided elsewhere. 26 The conditions leading to the ejection and disintegration of the 20 nm Pt film irradiated by a 40 fs laser pulse at an absorbed fluence of 37 mJ/cm 2 (about 2.4 times the threshold fluence for complete melting of the film) are illustrated in Fig. 2 . The excitation of electrons within the optical penetration depth followed by the rapid energy redistribution by the excited electrons results in the homogeneous heating of the film (Fig. 2(a) ) on the timescale of the electron-phonon equilibration, s e-ph % 6 ps, defined here as the time constant of the exponential decay of the energy of the excited electrons.
The fast heating occurring under conditions of stress confinement [19] [20] [21] 27 (s e-ph L f /C s % 7 ps, where L f ¼ 20 nm is the thickness of the film and C s % 3000 m/s is the speed of sound in Pt) leads to the buildup of high compressive pressure (Fig. 2(b) ). In agreement with predictions of earlier atomistic 19 and continuum-level simulations, 28 the relaxation of the compressive pressure causes rapid expansion of the film and generation of strong tensile stresses in the upper portion of the film 8 to 15 ps after the laser pulse. The tensile stresses induce cavitation and eventual disintegration/spallation of the film into a thicker layer adjacent to the substrate and a thinner layer moving away from the substrate with a velocity of $300 m/s. As shown in the inset of Fig. 2(d A visual picture of the film disintegration and ejection is provided in Fig. 3 , where snapshots from the simulation are shown. The initial spallation of the film into two layers is followed by a rapid decomposition of the upper molten layer into a 28 nm diameter droplet with three smaller clusters (see 1.5 ns snapshot). While the small (100 Â 100 nm 2 ) lateral size of the computational system does not allow us to predict the particle size distribution emerging from the layer decomposition, we can conclude that the particle diameters are in the range of tens of nm. Similarly, while the thicker lower spalled layer is stabilized by the periodic boundary conditions and retains its integrity during the simulation, the layer can be expected to decompose into individual droplets under conditions realized in the present experiments. Using a theoretical analysis of the stability of thin liquid films developed by Vrij 29 and applied to spalled layers in Ref. 21 , droplets with diameters of $160 nm are estimated from the dominating perturbation wavelength leading to spontaneous rupture of the film. 21 Making connections to the experimental observations, the small mode of the bimodal distribution in Fig. 1(b) can be attributed to droplets in the range of tens of nm that originate from the fast moving portion of the film that spalls in the early stages of ablation, as well as the small clusters that form in the spallation process and are located between the fast and slower moving portions of the film (Fig. 3) . On the other hand, the droplets contributing to the large mode of the size distribution in Fig. 1(b) are expected to result from the rupture of the slower moving portion of the film, as both the sizes of the larger droplets, in hundreds of nm, and the ejection velocity, $150 m/s, are in a good agreement with the measured values. Moreover, the computational prediction that the large particles originate from decomposition of a liquid layer moving away from the irradiated target with a common collective velocity is consistent with the observation of the detached compact plumes in the ICCD images in Fig. 1(c) .
While the initial temperature of the droplets in the simulations is $4000 K, by 1.5 ns fast evaporative cooling brings the temperature of the top and bottom layer down to 2570 K and 2850 K, respectively. Additional evaporative cooling combined with radiative energy loss can be expected to bring the temperature below the melting point and cause solidification on a timescale of ls. 30 This scenario is consistent with the temperatures of $1900 K and $1700 K evaluated from spectrally resolved imaging of the plume at 5 and 50 ls, respectively.
Based on the insights into the origin of the bimodal size distribution provided by the simulations, the conditions for the transition from a bimodal to unimodal size distribution can be suggested. Since splitting of the film into two layers contributing to the two modes of the particle size distribution is defined by the conditions of stress confinement, a decrease in film thickness, L f , would necessarily reduce the magnitude of the laser-induced compressive and tensile stresses, thereby preventing the film from splitting. To verify this prediction, nominally 15, 10, 5, and 2 nm films were ablated and the particle size distributions were analyzed. The results are shown in Fig. 4 , and most notable is the collapse of the two modes of the distribution into a single mode as the nominal film thickness approaches 2 nm, thereby confirming the computational prediction.
In summary, the generation and transport dynamics of Pt nanoparticles synthesized by backside fs-laser ablation of optically thin Pt films on a transparent substrate was investigated experimentally and computationally. Multiple rebound events were observed in particle collection experiments, suggesting that the size distributions measured using witness plates may represent skewed versions of the nascent distributions generated in fs-ablation. In nearly all cases, the collected distributions were bimodal, with one mode in the tens of nm range, and the other in the hundreds of nm range. The results of a TTM-MD simulation suggest that the smaller mode largely originated from a thin, fast-moving layer that spalled in the early stage of ablation, leaving an underlying, slower-moving unstable liquid layer wholly responsible for the larger mode. Generation of smaller particles by gas phase condensation in the ablation plume or through splashing of the larger particles upon impact was ruled unlikely under the present conditions. Finally, in agreement with modeling, the reduction in film thickness from 20 to 2 nm was found to result in a commensurate shift in the large mode of the particle size distribution toward smaller mean values until finally, at a nominal thickness of 2 nm, the distribution became unimodal. These results suggest a synthesis route for production of nanoparticles with a narrow size distribution in the range of tens of nm, delivered to a surface in a localized and well-controlled fashion.
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